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Variations of assumed ion  dens i t i e s  with a l t i t u d e .  Sol id  
curves a r e  obtained from rocket-borne experiments. The 
broken curves a re  extrapolated (see Table 5 ) .  
Production r a t e s  of  N atoms by various reac t ions  f o r  r a t e  co- 
e f f i c i e n t s  a t  laboratory temperature (300°K) assumed constant 
f o r  t he  whole a l t i t u d e  range. 
Variation of x with a l t i t u d e  fo r  r a t e  coe f f i c i en t s  a t  lab-  
ora tory  temperature (300°K) assumed constant f o r  the  whole 
a l t i t u d e  range. To obtain loss  rate o f  N atoms, mult iply x 
by IN]. 
Variat ion of x' with a l t i t u d e  for reac t ions  involving 2 n i t r o -  
gen atoms. Loss 
r a t e s  by three-body react ions a re  very small compared with 
those f o r  two-body react ions.  
To obta in  loss r a t e  mult iply x '  by [NI2. 
Production r a t e s  of N atoms by various reac t ions  f o r  r a t e  co- 
e f f i c i e n t s  varying with temperature. 
Variat ion of x with a l t i t u d e  for two-body react ions having 
r a t e  coe f f i c i en t s  varying w i t h  temperature. 
NO(1) and NO(4) represent  NO densi ty  obtained from Curves 
(1) and ( 4 )  of Fig.  9, respect ively.  
Loss r a t e  = x[N]. 
Production r a t e s  of NO molecules by various react ions with r a t e  
coe f f i c i en t s  varying with temperature. 
Variat ion of x with a l t i t u d e  for  various reac t ions  having 
r a t e  coe f f i c i en t s  varying w i t h  temperature. To obta in  l o s s  
r a t e  of NO molecules, multiply x by [ N O ] .  
Computed a l t i t u d e  d i s t r ibu t ions  of N and NO. 
the  d i s t r ibu t ions  of 0, 02 and N2 obtained from C I R A  1965 












v i  i 
ABSTRACT 
The d i s t r i b u t i o n  of N atoms between the a l t i t u d e  range 100 and 280 km 
has been computed from react ions between const i tuent  p a r t i c l e s  of the 
atmosphere and assuming t h e i r  r a t e  coef f ic ien ts  a t  laboratory temperature 
(300°K) t o  be constant f o r  the  whole a l t i t u d e  range. It i s  a l s o  calculated 
for r a t e  coef f ic ien ts  varying w i t h  temperature. It has been found t h a t  the  
l a t t e r  d i s t r i b u t i o n ,  which i s  considerably d i f f e r e n t  from the  former, gives 
a reasonably good p r o f i l e .  Since i n  many cases, react ions involving loss of 
N-atoms lead  t o  t h e  production of  NO molecules, the a l t i t u d e  d i s t r i b u t i o n  of 
NO molecules i s  a l s o  calculated.  The computed N and NO d i s t r i b u t i o n s  compare 
favorably with c e r t a i n  rocket experiments and laboratory data .  From the loss 
processes, the 1i.fetimes of N and NO are computed. 
i x  
1. INTRODUCTION 
Distr ibut ions of ions and neut ra l  p a r t i c l e s  with a l t i t u d e  have been ob- 
ta ined  by rocket-borne mass spectrometers and a r e  computed from react ion r a t e s  
of upper atmospheric constituents-ions, e lectrons,  and neut ra l  p a r t i c l e s .  
The reac t ion  r a t e s  a r e  obtained from laboratory experiments o r  from t h e o r e t i c a l  
computations. For obtaining the  d i s t r i b u t i o n  of minor const i tuents  of the 
atmosphere l i k e  N and NO, mass spectrometers may introduce uncer ta in t ies  due 
t o  " w a l l  e f f e c t "  o r  d i ssoc ia t ion  of molecules by accelerated electrons.  Again, 
t o  determine r a t e s  of react ions experimentally f o r  thermal and nearly thermal 
ions,  d i f f i c u l t i e s  a r e  experienced. I n  t h e o r e t i c a l  work too, techniques f o r  
ca lcu la t ing  cross-sections of reactions involving atmospheric p a r t i c l e s  a r e  
ye t  t o  be evolved possibly by semiclassical  treatments, and methods f o r  ca l -  
cu la t ing  cross sect ions a t  thermal energies should be devised. Also i n  many 
cases, temperature var ia t ions  of rate coef f ic ien ts ,  which may be a l t e r e d  by a 
f a c t o r  of several  orders by the  ambient temperature range a t  d i f f e r e n t  layers  
of the  upper atmosphere, a r e  not avai lable .  However, the  a l t i t u d e  d i s t r i b u -  
t i o n s  of atmospheric ion and neut ra l  p a r t i c l e  dens i t ies  computed with the  
ava i lab le  c o l l i s i o n a l  data  may cross check those obtained by rocket-borne ex- 
periments o r  from rate coef f ic ien ts  determined i n  the laboratory.  Also from 
the  l o s s  processes, the l i f e  times of atmospheric p a r t i c l e s  can be computed. 
I n  t h i s  report  t h e  a l t i t u d e  d i s t r i b u t i o n  of N-atom densi ty  between 100 
Since i n  many cases, react ions involving loss of and 280 km i s  calculated.  
N,atoms a r e  r e l a t e d  t o  the  production of NO molecules, i t s  a l t i t u d e  d i s t r i b u -  
t i o n  i s  a l s o  calculated.  The l i fe t imes  of these p a r t i c l e s  a r e  a l so  computed. 
1 
2.  COMPUTATION OF N AND NO DISTRIBUTIONS AND LIFETIMES 
For computing N-atom dis t r ibu t ion ,  the following scheme has been adopted: 
F i r s t ,  t o  postulate  from geophysical observations and laboratory data,  
conceivable c o l l i s i o n a l  react ions involving N atoms i n  the  atmosphere. 
Second, t o  determine the r e l a t i v e  importance of these react ions and for  
a p a r t i c u l a r  react ion i t s  importance at d i f f e r e n t  layers  of the  atmosphere, 
a f t e r  c lose ly  examining the r a t e  coef f ic ien ts  of these react ions as determined 
by d i f f e r e n t  inves t iga tors .  
production and loss r a t e s .  
A dis t r ibu t ion  i s  then obtained by equating the 
The react ions leading t o  the production of N atoms and t h e i r  observed 
r a t e  coef f ic ien ts  obtained by d i f fe ren t  authors a r e  given i n  Table 1. The 
coef f ic ien ts  which a r e  used f o r  the computation a r e  given i n  the las t  column. 
The loss processes and t h e i r  rate coef f ic ien ts  a r e  given i n  Table 2 .  
The react ions which produce NO molecules and those by which they a r e  con- 
sumed a r e  given i n  Tables 3 and 4. 
0, 02, and N2 p r o f i l e s  and the temperature d i s t r i b u t i o n  of the  atmos- 
phere are obtained from CIRA, 1965. 
p r o f i l e  of NO i s  needed which i s  i n i t i a l l y  taken f o r  100-120 km from the 
Handbook of Geophysics (1960) and f o r  the a l t i t u d e  range 120-280 km from 
Nawrocki and Papa (1963). 
given i n  Tables 3 and 4, the  N-atom d i s t r i b u t i o n  i s  recalculated.  
For ca lcu la t ing  N-atom dis t r ibu t ion ,  a 
After obtaining t h e  NO d i s t r i b u t i o n  from react ions 
The ion d i s t r i b u t i o n s  (Fig. 1) used f o r  computations a r e  given i n  Table 
5 .  The e lec t ron  density i s  assumed t o  be the sum of the ion  densi t i .es .  
TABIX 1 
REACTIONS LEADING TO N-ATOM PRODUCTION AmD THEIR RATE COEFFICIENTS 
H a t e  Ooefficient Used For Camputation 
Reac t i o  n 
Observed Rate Coefficient 
( c 3  p r t i c l e - 1  sec-1) 
( c 3  part ic le-1 sec-1) 
Coefficient Coefficient Varying 
N$+~+N+N 1-2x10-7 (Gibbons, 1961) by miss 
spectrometric technique 








7x10-7 (Nawrocki, e t  al., 1963) 
3.5~10'7 (Whitten, e t  al., 1965) 
at jOO°K 
2 0 - 7  (Sugden, 1961) at 
flame temperature 
j x l O - =  (Fehsenfeld, &1., 196p) 
1 . 4 ~ l O - l ~  (Dickison, e t  al . ,  1960) 
4 . 7 ~ l . O ' ~ ~  (Langstroth, e t  al . ,  
2 . 2 ~ l O - l ~  (Galli, e t  a l . ,  1963) 
6 . 7 5 ~ 1 0 ' ~  (Talrose, e t  al., 1962) 
2.5~lO'~O (Ferguson, e t  al., 1965) 
2x10'12 (caniiov, 1966) 
1962 1 
~ x ~ O - ~ O  (Fehsenfeld, e t  al., 1965) 
MO-9 (Golaan, e t  al., 1966) 
8x10-10 (Goldan, e t  al., 1966) 
at  3 0 0 ~ ~  
2 . 4 ~ l O ' ~ ~  (Goldan, e t  al., 1966) 
Cross-section, Q = 6 ~ 1 0 ~ ~ 3  cm2 
(Ditchburn, e t  al., 1 9 9 )  
2 . 5 ~ 0 - 1 0  
1x10-9 
Varies as ~ - 1  from 
2x10'8 at 2000'K t o  
6x10-7 at 208% 
4 .2X1O'l2 exp (-470/RT ) 
(E = 0.47 Kcal) 
Adjustbed t o  2x10'= at  
300OK, E is  the activa- 
t i o n  energy. 
1.0X10-7 exp (-3560/RT ) 
(E = 3.56 K c a l )  
Adjusted t o  2. ~ x ~ O - ~ O  




10+1 cm2 (Watanabe. e t  al., 1 3 3 )  * +N+N 
*After computing the N-atom production ra tes  for  r a t e  coefficients a t  30O4K, it was found 
that f o r  reactions marked (*), the  contributions a re  small and hence for  varying temperature 
these reactions a re  not considered. 
length, the absorption cross section of 02 i s  4fl0-19 cm2 (Watanabe, 1938) and N(hv), = 
1.5xl09 photons/cn? sec (Gast, e t  al., 1965). 
WMost of the  absorption occurs i n  the (8 ,O)  band at 1226A (Nicolet, 1960). For t h i s  wave- 
TABLE 2 
REACTIONS LEADING TO N-ATOM LOSS AND THW RATE COEFFICIENTS 
Rate Coefficient Used For Computation 
(cd particle-1 sec-1) 
Reaction (cm3 particle-' sec-1) Coefficient Coefficient V a r y i n g  
Observed Rate Coefficient 









7.4a0-33 cm6 particle-2 sec-1 
(200-450'K) (Herron, et al., 
1958) 
1.7~l0-3~ at PO°K (Harteck, 
et al., 198) 
1.5~l0-3~ cm6 particle-2 sec-1 
(at 3OO"K) (Kaplan, et al., 
1958) 
gfl0-33 (Byron, 1B9) 
< (Nawrocki, et al., 1963) 
c 
- < (Nawrocki, et al., 1963) 
lxlO'l7 (Young, et al., 1963) 
3. 3xlO'l2 exp (-31OO/T ) 
(Kistiakowsky, 1957 ) 
lxl0-l6 at 300°K 
(Harteck, et al., 1957) 
8x10-11 at 300'~ 
(Ki st ia kow sky, 1 9 8 ) 
1-3xlO-l3 at 300% 
(Harteck, et al., 1957) 
2fio-10 2.9X1O-9 exp(-l?W/RT) 
(E = 1.59 Kcal) 
Adjusted to 2 ~ l 0 ' ~ O  at 
300"~ 
1ao-l l  4x10-9 exp(-3560/RT ) 
(E = 3.56 Kcal) 
Adjusted to lfiO-ll 
at 300'K 
*, 7.4~10~33 cm6 
p a r t i c  le-2 
sec-1 
* 
1xlo-16 3.3~lO-l~ exp (-3100/T ) 
1.g~lO'~ (Nicolet, 1965a) 
*After computing the N-atom production rates for rate coefficients at jOO"K, it was found 
that for reactions marked (*), the contributions are small and hence for varying temperature 
these reactions are not considered. 
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TABLE 5 
ALTITUDE DISTRIBUTIONS OF IONS 
Ion Al t i tude  Range ( k m )  
O+ 100-200 (Whitten, -- e t  a l . ,  1964) 
200-250 (Johnson, 1966) 
260-2 80* 
NO+ 
100-240 (Whitten, -- e t  a l . ,  1964) 
240 -280** 
100-220 (Whitten, -- e t  al., 1964) 
220-2&** 
130 (Ghosh, -- e t  a l . ,  1964) 
140-220 (Johnson, 1966 ) 
220-280"" 
100-200 (Whitten, -- e t  a l . ,  196h) 
200-240 (Johnson, 1966 ) 
240-280** 
*For the  a l t i t u d e  range 260-280 km, O+ and e l ec t ron  
d i s t r ibu t ions  (Cormier, 1-96? ) a r e  assumed same. 
**Extrapolated t o  fo l low the  t rend  given i n  Fig.  3 
(Ghosh, -- e t  a l . ,  1964). 
8 
Assuming r a t e  coef f ic ien ts  f o r  various react ions a t  300°K given i n  
column 3 of Tables 1 and 2, t h e  production and l o s s  r a t e s  of N f o r  t h e  a l t i t u d e  
range 100-280 km a r e  computed and a r e  given i n  Figs.  2-4.* 
r a t e s  f o r  r a t e  coef f ic ien ts  varying w i t h  temperature given i n  the  last  columns 
of the  above tab les ,  a r e  computed and are  i l l u s t r a t e d  i n  Figs.  4-6. A com- 
parison of Figs.  2-4 with Figs.  4-6 shows that the  production and loss r a t e s  
of N atoms a r e  s i g n i f i c a n t l y  a l t e r e d  i f  the  temperature var ia t ion  of r a t e  
coef f ic ien ts ,  which may sometimes be a l t e r e d  'by several  orders i n  the above 
a l t i t u d e  range, a r e  considered. 
The corresponding 
*For ca lcu la t ing  N-atom production by predissociation using the  formula 
( t h e  f a c t o r  2 accounts f o r  the  production of two neutral  atoms), it has been 
assumed t h a t  above a l t i t u d e  z ,  photons a r e  absorbed mainly by 02, so t h a t  the 
photon f l u x  of frequency v a t  an a l t i t u d e  z f o r  overhead sun i s  given by 
N(hvlz = N ( h v ) m  exp(-T) 
where 
N(hv), = number of photons of frequency v outs ide the e a r t h ' s  atmos- 
phere = 1 . 5 ~ 1 0 9  photons/cm2 sec f o r  1 2 2 6 ~  ( G a s t ,  -- e t  a l . ,  
1965 ) 
H = sca le  height of 02 molecules a t  an a l t i t u d e  z 
02, z 
Q = cross-section f o r  absorption of 1 2 2 6 ~  'by N2 molecules = 
1x10-*1 cm 2 
= cross-section f o r  a'bsorption of 1 2 2 6 ~  by 02 molecules = 
4x10-19 cm2 (Watanabe, 1958) 02 
o 
~ ( N Z ) ~  = concentration of N2 molecules a t  a l t i t u d e  z 
n(02),  = concentration of O2 molecules a t  a l t i t u d e  z .  
Again, f o r  ca lcu la t ing  the  production and lo s s  r a t e s  from neutral-  
neut ra l  o r  ion-neutral  p a r t i c l e  reactions,  t h e  usual formula, namely, the  
r a t e  i s  equal t o  t h e  product of r a t e  coef f ic ien t  and concentrations of 
the  reac t ing  p a r t i c l e s ,  i s  used. 
9 
The calculated r a t e s  of production and l o s s  of NO molecules f o r  r a t e  
coeff ic ients  varying with temperature a re  shown i n  Figs .  7 and 8 .  
After calculat ing the loss r a t e s  of N atoms, it i s  found t h a t  the l i f e -  
time of N a toms for t h e  a l t i t u d e  range 100-280 km var ies  between 5 . 7 ~ 1 0 ~  and 
1.3~103 see (Table 6 and Figs.  4 and 6 ) .  
The N-atom d i s t r i b u t i o n  i s  calculated by equating the  production and lo s s  
r a t e s  (Fig.  9 ) .  I n  a s i m i l a r  manner f o r  100-280 km the  d i s t r i b u t i o n  of NO 
(Fig. 9 ) ,  for  which the  l i fe t ime var ies  between 3 . 6 ~ 1 0 ~  and 58 see (Tdble 6 
and Fig.  8 ) ,  i s  calculated.  
TABLE 6 
LIFETIMES OF N AND NO 
A 1  t i tude Lifetime of NO Lifetime o f  N 
100 3 .6~102  5 e 7x104 
110 2.gx102 1. g a o 4  
12 0 2 . 5 ~ 1 0 2  5 . 7 ~ 1 0 3  
140 1.2x102 1.3~103 
150 9.lXlOl 1 . 6 ~ 1 0 3  
170 6 . 7 ~ 1 0 1  2 . 7 ~ 1 0 3  
180 6 . 3 ~ 1 0 1  3.3~103 
190 5.gx101 4 . 0 ~ 1 0 3  
200 5 . 8 ~ 1 0 ~  4 .8~103  
( k m )  ( s e e )  ( s e e )  
130 1 . 8 ~ 1 0 ~  2.1x103 
160 7.4~101 2.2x103 
220 7 * 3X10; 7.1~103 
2 40 1.OxlO 1 . 0 ~ 1 0 4  
260 1.2x102 2 .  2x1~4 
280 1 . O X 1 0 2  3. gxlo4 
250 1.1x102 1 7xlO4 
3. CONCLUSIONS 
1. 
of N and NO, it may be concluded t h a t  the predissociat ion of N 2  molecules 
does not contr ibute  s i g n i f i c a n t l y  t o  the production of N atoms. 
region, they a r e  produced mainly by the ion-atom interchange reac t ion  
After  analyzing various reactions leading t o  the production and loss 
I n  the  higher 
0' + N 2  + NO+ + N 
and i n  the  lower region, j o i n t l y  with the react ion 
N atoms a r e  l o s t  by the  following reactions 
0; + N - t  NO+ + 0 and N + NO +- N 2  + 0 . 
The computed N d i s t r i b u t i o n  shows t h a t  the  f i r s t  react ion i s  important a t  the  
upper and the l a t t e r  a t  the  lower region. 
The accuracy of calculated N and NO d i s t r i b u t i o n s  i s  l imited mainly by 
the values of r a t e  coef f ic ien ts  o f  reactions ( t h e  coef f ic ien ts  a r e  now 'be- 
l ieved t o  be accurate by orders but not by fa .c tors)  and t h e i r  temperature 
var ia t ions .  
For the  major port ion of 100-280 km a l t i t u d e  range, the NO production 
and l o s s  r a t e s  a r e  given, respectively,  by 
0: + N 2  + KINO+ + NO 
and 
A t  equl.1i.brium 
0: + NO +- K ~ N O +  + o2 . 
11 
kln ( 0; ) n ( N 2  ) = k2n (0,' ) n (NO ) 
Therefore n(N0) d i s t r i b u t i o n  follows ( N z )  p r o f i l e  and i s  independent of 
N-atom dis t r i 'but ion (see Fig. 9 ) .  
2, From the  rocket-borne mass spectrometric measurements of  neut ra l  con- 
s t i t u e n t s  i n  the  a l t i t u d e  range 100-200 km, Hedin and Nier (1965) concluded 
t h a t  the concentration of N atoms i s  about 1% of N2. Again t h e  mass spectro- 
metric data obtained by Schaefer constant ly  show a s m a l l  increase of N over 
laboratory cal ibrat ions.  Also, from t h e  ana lys i s  of peak heights  f o r  N and 
N 2  between 100 and 200 km, it i s  found that atomic nitrogen does not occur 
more than 3% of N 2  (Mirtov, 1964). 
the  upper region of the above a l t i t u d e  range N i s  about 1-3$ of Np. 
lower region t h e  percentage i s  much smaller. Therefore, f o r  accurate determi- 
nat ion of  N-atom Concentration by a rocket-borne mass spectrometer, it should 
be measured above 200 km where i t s  concentration becomes r e l a t i v e l y  l a r g e r ,  
The computed N d i s t r i b u t i o n  shows t h a t  a t  
I n  the  
3. By observing absorption of s o l a r  rad ia t ions  i n  a rocket-borne spec- 
trograph w i t h  point ing control ,  Jursa ,  -- e t  a l . (1959), obtained the upper l i m i t  
cf  NO molecules a s  1015 molecules 
Again, Earth (1964) obtained a NO column densi ty  of 1. 5x1013 molecules emm2 
above 125 km. T h i s  agrees with the value obtained from the computed curve 
which gives about 3 ~ 1 0 ~ 3  molecules 
above the a l t i t u d e  range 63-87 km 
column-1 above t h i s  a l t i t u u e .  
2 4  4 .  D- S )  l i n e  i s  observed i n  twi l igh t  and night  airglows and 
appears with an  i n t e n s i t y  l e s s  than 5R a t  night and 1OR a t  twi l igh t  (Si lver-  
man, -- e t  a l . ,  1965). Assuming t h a t  t h i s  l i n e  i s  emitted a t  90-100 km and that 
the l-ifetime of the N ( 2 D )  atom i s  about 26 hours (Hunten, -- e t  a l . ,  1966), +Ye 
concentration of N atoms a t  twi l igh t  can be obtained from the r a t e  of produc- 
t i o n  and quenching of the N ( 2 D )  atoms, namely 
Nl(52OOA, 
where 




concentration of t h i r d  body = n ( 0 2 ) + 0 . 6 n ( N ~ )  
A and B coef f ic ien ts  f o r  2D-4S t r a n s i t i o n  of N atoms 
2 
r a t e  coef f ic ien t  for  c o l l i s i o n a l  deact ivat ion of N (  D )  atoms 
PM) 2 n(  D )  = concentration of N (  D )  atoms 
n(hv) = so lar  photon f l u x  densi ty  f o r  52OOA 
Therefore, the emission r a t e  of 52OOA l i n e  i s  given by 
~ 
12 
Substituting B in terms of A and n(hv) from Planck's formula,* we obtain 
n(N) = (A+n(M)y 9 ) exp (hv/kT ) , 
where 
D = dilution factor = 5.41~10-~, and
k = Boltzmann constant. 
No precise information regarding the quenching cross-section involving metastable 
atoms is available. According to Laidler (1954) the coefficient of quenching 
reactions involving nonmetastable atoms is of the order of cm3/particle 
sec. The coefficient for the metastable N(2D) atoms by N2 and 02 is assumed 
to be one order smaller than the above value, that is, y = 10-13 cm3/particle 
see. Assuming the sun's temperature T = 6 0 0 0 ~ ~  and the mean altitude of 
emission of 52OOA line at twilight to be 90 km, we obtain n(N) = 3x107 cm-3.' 
The computed N-atom distribution shows that at 100 km the concentration is 
1x108 cm-3. 
*In the visible region the number of photons calculated from Planck's black- 
body formula for T = 6 0 0 0 ' ~  agrees with the observed value. 
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Fig.  5 .  F'roduction r a t e s  o f  N-atoms by various reac t ions  f o r  r a t e  coe f f i c i en t s  
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Fig.  8. 
e f f i c i e n t s  varying with temperature. 
mult iply x by [NO].  
Variat ion of x with a l t i t u d e  f o r  various reac t ions  having r a t e  co- 





I I I I I 
Fig. 9. Computed a l t i t u d e  d i s t r ibu t ions  of N and NO. For comparison, t h e  
d i s t r ibu t ions  of 0, 02 and N2 obtained from C I R A  1965 a r e  also shown. 
(1) Assumed NO d is t r ibu t ion;  ( 2 )  N d i s t r i b u t i o n  f o r  (1) f o r  constant rate co- 
e f f i c i e n t ;  (3) N d i s t r i b u t i o n  f o r  (1) f o r  rate coe f f i c i en t  varying with temp.; 
( 4 )  calculated NO d i s t r i b u t i o n  f o r  (3)  f o r  r a t e  coef f ic ien t  varying with temp.; 
( 5 )  N d i s t r i b u t i o n  calculated from (4) ;  (6 )  N2 d i s t r i b u t i o n  from C I R A  1965; 
(7)  0 d i s t r i b u t i o n  from C I R A  1965; (8) 02 d i s t r i b u t i o n  from C B A  1965. 
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